Invasion and egress are two key steps in the lytic cycle of Apicomplexa that are governed by the sequential discharge of proteins from two apical secretory organelles called micronemes and rhoptries. In Toxoplasma gondii, the biogenesis of these specialized organelles depends on the post Golgi trafficking machinery, forming an endosomal-like compartment (ELC) resembling endomembrane systems found in eukaryotes. In this study, we have characterized four phylogenetically related Transporter Facilitator Proteins (TFPs) conserved among the apicomplexans. TFP1 localises to the micronemes and ELC, TFP2 and TFP3 to the rhoptries and TFP4 to the Golgi. TFP1 crucially contributes to parasite fitness and survival while the other members of this family are dispensable. Conditional depletion of TFP1 impairs microneme biogenesis and leads to a complete block in exocytosis, which hampers gliding motility, attachment, invasion and egress. Morphological investigations revealed that TFP1 participates in the condensation of the microneme content, suggesting the transport of a relevant molecule for maintaining the intraluminal microenvironment necessary for organelle maturation and exocytosis. In absence of TFP2, rhoptries adopt a considerable elongated shape, but the abundance, processing or secretion of the rhoptry content are not affected. These findings establish the relevance of TFPs in organelle maturation of T. gondii.
Introduction
Toxoplasma gondii, the causative agent of toxoplasmosis, is an obligate intracellular parasite belonging to the phylum of Apicomplexa and which infects virtually all cell types of most warm-blooded animals. Like other members of the phylum, T. gondii possesses specialized organelles called micronemes and rhoptries that critically contribute to invasion and egress, two key events necessary for its survival and dissemination. The main steps of T. gondii tachyzoites lytic cycle include attachment to host cell, moving junction (MJ) formation at the host-parasite interface during entry, sealing of the parasitophorous vacuole membrane (PVM), intracellular replication and eventually perforation of the PVM and host cell plasma membrane for egress prior to the initiation of a new cycle (Sibley, 2010) . Gliding motility is powered by the actomyosin system and driven by the regulated exocytosis of micronemes that notably secrete adhesins and a perforin (Kafsack et al., 2009; Roiko and Carruthers, 2009 ). During invasion, the rhoptries discharge their content, with the rhoptry neck proteins (RONs) participating in concert with the microneme proteins to produce the MJ, while the bulb (ROPs) proteins are sent into the host cell where they subvert the host cellular functions (Kemp et al., 2013) . Dense granules secrete dense granule proteins (GRAs) into the PV during the intracellular replication phase of the parasites and some GRAs are exported beyond the PVM into the host cell cytosol or nucleus (Bougdour et al., 2013; Braun et al., 2013; Gay et al., 2016) . The atypical nature of these secretory organelles raises questions in regard to their biogenesis and maturation.
Toxoplasma gondii possesses a classical endomembrane system composed of the endoplasmic reticulum (ER), a Golgi apparatus and an endosomal-like compartment (ELC) (Pelletier et al., 2002; Sheffield and Melton, 1968) . Most secretory proteins transit through the ER and Golgi and, depending on their nature, MICs, ROPs/ RONs or GRAs are targeted to distinct destinations. While DGs were shown to serve as default pathway for soluble proteins (Karsten et al., 1998) , their biogenesis as well as the mechanism and site of their secretion are poorly understood. Rhoptry and microneme proteins are sorted through the ELC and the biogenesis of these organelles depends on cargo complexes (or trafficking factors) previously characterized in eukaryotic endocytic systems. Among them, a dynamin-like GTPase, DrpB (Breinich et al., 2009) , and a sortilin-like receptor, SORTLR (Sloves et al., 2012) , play essential roles. Specifically, the conditional expression of a dominant negative DrpB mutant residing close to the Golgi led to the striking disappearance of micronemes, rhoptries and dense granules suggesting a role for DrpB early in the process of organelles formation and differentiation (Breinich et al., 2009) . In a similar manner, conditional depletion of SORTLR disrupts rhoptry and microneme biogenesis affecting the packaging of ROPs/RONs and MICs into vesicles at the trans-Golgi network (Sloves et al., 2012) . The presence of a number of Rab-GTPases homologs in T. gondii attests, to some extent, of the level of conservation in the machineries governing the secretory pathway and protein trafficking. Notably, overexpression of Rab5A or Rab5C resulted in a defective trafficking of ROPs and MICs, possibly due to the saturation of Rab effector proteins that regulate vesicular trafficking (Kremer et al., 2013) . Lastly, the vacuolar protein sorting Vps9 acts as a guanine nucleotide exchange factor (GEF) toward one of the Rab5 isoforms and its conditional depletion led to considerable missorting of the ROPs/RONs, MICs and GRAs (Sakura et al., 2016) . Disruption of all these trafficking facilitators severely impairs the biogenesis of both rhoptries and micronemes suggesting a common dependence on a post-Golgi endosomal machinery. T. gondii tachyzoites, like most invasive zoites in Apicomplexa, adopts a highly polarized organization coupled to a tight regulation of de novo synthesis of secretory organelles during parasite division (Nishi et al., 2008) . This implies a slight shift in the timing of expression between the genes coding for MICs and RONs/ROPs respectively (Nishi et al., 2008) . The differential sorting of micronemeor rhoptry-containing vesicles emerged from the characterization of a lipid raft-associated protein, the rhoptryassociated membrane protein or RAMA, in Plasmodium (Richard et al., 2009 ). In this model, lipid rafts concentrate the complexes of ROPs in vesicles budding from the Golgi. While no homolog of PfRAMA could be identified in T. gondii, the overall mechanism might still be conserved.
The trafficking of MIC complexes has been characterized and shown to involve tyrosine-based sorting signals in the cytoplasmic tails of the transmembrane MICs and likely adaptor complexes (Kats et al., 2008; Sheiner and Soldati-Favre, 2008) . Several MICs assemble into complexes including MIC2-M2AP, MIC1-MIC4-MIC6 and MIC3-MIC8-MIC9-MIC11 while AMA1, PLP1 and SUB1 seem to be stored individually in the micronemes. Moreover not all microneme proteins depend on the functional Rab5A/C trafficking pathway, which suggests the existence of two independent populations and distinct subcellular localizations. While the transport of MIC3, MIC8 and MIC11 is regulated by Rab5A/C, MIC2, M2AP, PLP1 and AMA1 are targeted to the micronemes by a distinct pathway (Kremer et al., 2013) . Whether this differential localization pattern results from a different timing of protein synthesis or reflects the organization of MICs into subcompartments, similar to rhoptries, remains unclear. To delineate the platform of bifurcation between MICs and RONs/ROPs, it is relevant to note that these proteins are subjected to extensive proteolytic maturation in the late secretory pathway, close to the ELC (Nishi et al., 2008) . The aspartyl protease 3 (ASP3) located mainly to the ELC has recently been demonstrated to act as maturase for most MICs, RONs and ROPs (Dogga et al., 2017) . ASP3 activity is optimal at a pH ranging between 5.5 and 6.5 typical for apicomplexan aspartyl proteases (Coffey et al., 2015) . Importantly, pH is known to play a central role in organelle biogenesis (Ngo et al., 2004; Tomavo, 2014) . Rhoptry maturation is accompanied by an acidification of the pro-rhoptry lumen that likely helps proteases proteolytic activity and leads to the condensation of the content (Shaw et al., 1998) .
In numerous organisms, acidification is known to rely on transporters of various nature (Mellman et al., 1986) . The major facilitator superfamily (MFS) represents the largest group of transporters driving ions or solutes across membranes (Pao et al., 1998) . They play important physiological roles in nutrient uptake, flow and distribution of ions across membranes, transport of sugars, amino acids and peptides, to list a few (Law et al., 2008) . They are termed "secondary" transporters as they exploit the free energy stored in the ion or solute gradients generated by the so-called 'primary' transporters, which use the energy released from ATP hydrolysis. The MFS transporters, also named uniporter-symporterantiporter family, are characterized by their rather uniform topology of 12 transmembrane a-helices (TMs) connected by hydrophilic loops (Pao et al., 1998) . Based on function prediction, there are more than 30 MFS members in T. gondii and at least 16 in Plasmodium falciparum. A putative pantothenate transporter (PAT), member of the MFS, was previously characterized in P. falciparum (Augagneur et al., 2013) , Plasmodium yoelii (Hart et al., 2014) and Plasmodium berghei (Kehrer et al., 2016) . Functional dissection of PbPAT failed to support a role as pantothenate transporter, instead phenotypic examinations revealed a role in osmiophilic bodies and micronemes fusion to plasma membrane and secretion of their contents in gametocytes and sporozoites respectively (Kehrer et al., 2016) .
In this study, we report the existence of a family of MFS transporters phylogenetically related to PbPAT in T. gondii, and named them transporter family protein 1-4 (TFP1-4). We have localized these transporters either to the Golgi (TFP4), the rhoptries (TFP2 and TFP3) or the micronemes (TFP1). Importantly, TFP1 is essential for gliding motility, attachment, invasion and egress. Specifically, TFP1 compromises microneme secretion without affecting the biogenesis and discharge of the rhoptries. The high resolution of three-dimensional transmission electron microscopy techniques revealed a severe defect in the biogenesis and the morphology of micronemes in absence of TFP1. Similarly, parasites deleted in TFP2 display elongated rhoptries suggesting a role in organelle compaction but without impacting on rhoptry organelle clustering or discharge.
Results
Localization of four phylogenetically related T. gondii transporter family proteins Toxoplasma gondii possesses 4 related putative transporters belonging to the major facilitator superfamily (MFS) that have been named TFP1 (TGME49_216820), TFP2 (TGME49_236960), TFP3 (TGME49_316280) and TFP4 (TGME49_248840). The phylogenetic analysis of these TFPs identified across the Apicomplexa, groups them into three distinct clusters ( Fig. 1 and Supporting Information Fig. S1 ). TFP1 belongs to a large group of transporters that includes PAT from Plasmodium species and orthologs in Coccidia, Cryptosporidia and Piroplasmadae spp. TFP1 and PfPAT exhibit a high degree of sequence similarity, suggesting an orthologous relationship (Supporting Information Fig. S2 ). TFP2 is restricted to Coccidia, while TFP3 and TFP4 are phylogenetically related to a gene present in the subgroup Haemosporidia and corresponding to PbMFS5 (Kenthirapalan et al., 2016) .
To characterize these four TFPs in T. gondii, we first C-terminally tagged them at the endogenous locus with a 3Ty epitope tag (TFP1-Ty to TFP4-Ty). Integration at the locus of interest was controlled by PCR (Supporting Information Fig. S3 ). Indirect immunofluorescence analysis (IFA) using specific markers for the pro and mature forms of M2AP and for the cis-Golgi (GRASP) revealed that TFP1-Ty localizes in close proximity to the ELC and in the micronemes ( Fig. 2A) . In contrast, TFP2-Ty and TFP3-Ty showed a rhoptry bulb localization, as observed by co-localization with an acylated rhoptry surface protein named armadillo repeat only (ARO) (Mueller et al., 2013) and a rhoptry bulb marker (ROP1) (Fig.  2B and C) . TFP4-Ty displays a typical Golgi staining in dividing parasites (IMC1) and perfectly colocalizes with the Golgi marker GRASP, while no colocalization was observed with the apicoplast marker, Cpn60 (Fig. 2D ).
Of note, the cell cycle profile of mRNAs corresponding to the TFPs localized to the secretory organelles are in concordance with the cell cycle expression profile of genes coding respectively to either microneme or rhoptry proteins (Supporting Information Fig. S4 ).
To dissect the TFPs membrane topology, we performed a proteinase K protection assay combined with partial permeabilization, which revealed that the Cterminal domain of all the proteins (fused to a 3Ty-tag) is facing the cytosol (Fig. 2E-H) . The topology demonstrated experimentally is consistent with the number of transmembrane spanning domains, with the fact that none of the TFPs harbors a signal peptide (as predicted using SignalP v. 4.1 Server) and is also informative to determine the directionality of these transporters (Fig.  2I) . Lastly, we evaluated the fate of TFP1 in extracellular parasites stimulated for microneme secretion. To do so, we used propranolol, a compound that blocks phosphatidate phosphohydrolase (PAP)-activity and leads to phosphatidic acid (PA) accumulation that triggers microneme secretion (Bullen et al., 2016) . In extracellular parasites stimulated with propranolol, TFP1-Ty is detected in the protruded conoid together with MIC4, indicating its presence at the membrane of the micronemes (Fig. 2J) .
Altogether, the TFPs are polytopic membrane proteins found in distinct subcompartments of the secretory pathway, one at the Golgi, two in subcompartments of the rhoptries and one in the ELC and micronemes (Fig. 2K ).
TFP1 is essential for parasite survival in tissue culture
To address the individual contribution of the TFPs for parasite fitness and survival, we took advantage of the strategy based on U1 snRNP-mediated gene silencing (Pieperhoff et al., 2015) . Briefly, when a U1 recognition site is placed into the 3 0 -terminal exon or adjacent to the termination codon, pre-mRNA is cleaved at the 3 0 -end and degraded, leading to the knockdown (KD) of the gene of interest (GOI). Accordingly, 3 0 UTR of TFPs was replaced by a floxed 3 0 UTR, followed by a U1 recognition site (Fig. 3A) . Upon transient transfection of a plasmid expressing the Cre recombinase, the floxed 3 0 UTR was excised resulting in U1 recognition site repositioning immediately after the STOP codon of the GOI leading to a severe knock down of the gene. While the percentage of TFP2-KD, TFP3-KD and TFP4-KD parasites remained stable in the pools over three consecutive passages, TFP1-KD parasites were rapidly lost, indicating a key contribution of this transporter to parasite fitness (Fig.  3B ). Except for TFP1-KD, individual mutants were isolated. 3'UTR excision was confirmed by genomic PCR (Supporting Information Fig. S3 ) and down-regulation of the protein level was verified by western blot (WB) (Fig.  3C ). All three tagged proteins migrated around the predicted sizes of 46 kDa (TFP2), 57 kDa (TFP3) and 79 kDa (TFP4) respectively. In addition, TFP4-Ty gave rise to smaller products around 55 and 35 kDa. To rule out a possible redundant function between the rhoptry TFP2 and TFP3, single and double knockouts were generated. Integration of the selection cassette replacing each GOI was confirmed by genomic PCR (Supporting Information  Fig. S5 ). Individual and simultaneous contribution of the two TFPs to the lytic cycle of the parasite was determined by plaque assay (Fig. 3D) as well as by growth competition assay relative to control wild type parasite line ( Fig. 3E ) and no obvious altered phenotype was observed. Taken together, these data indicate that only TFP1 plays a critical role in the survival of tachyzoites propagated in culture. Moreover, these results are concordant with the fitness scores recently assigned to these genes in a CRISPR/Cas9 genome wide functional analysis (TFP1: 24.04; TFP2: 0.14; TFP3: 20.34; TFP4: 20.83) (Sidik et al., 2016) . A score smaller than 23.00 can be considered as a severe loss of fitness.
TFP2 participates in the rhoptry organelle compaction
A deeper analysis of rhoptry positioning and morphology by IFA for the two rhoptry TFPs revealed an unusually elongated shape of the organelles in TFP2 deleted parasites (Fig. 4A) . Importantly, this phenotype is strictly dependent on TFP2, as TFP3 does not cause any defect. While the absence of TFP2 impacts on the shape of the rhoptries, the amount and processing of the rhoptry proteins are not affected ( Fig. 4B ) and organelle discharge occurs normally as assayed by evacuole formation (Hakansson et al., 2001 ) (Supporting Information Fig. S5 ). We next examined the ultrastructure of TFP2-KO parasites by serial imaging of the apical pole by Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) ( Fig. 4C and D) . FIB-SEM serial sections were used to perform 3D reconstruction of TFP2-KO parasites ( Fig. 4D and Supporting Information Movie 1) and confirmed the striking elongated morphology of the rhoptries compared to DKU80 control parasites. While the number of rhoptries per tachyzoite remains constant (Fig. 4E ), the length of the organelle is increased of about 40% in TFP2-KO compared to DKU80 control parasites (rhoptry length in DKU80: 2.35 6 0.52 mm; in TFP2-KO: 3.27 6 0.95 mm) (Fig. 4F ). This data is further supported by the measurement of the rhoptry neck/bulb ratio that indicates an elongation of the neck compared to bulb region in TFP2-KO parasites (Fig. 4G ).
Collectively, these results reveal that TFP2 contributes to rhoptry compaction but without impacting on RON/ ROPs processing and discharge of the organelle.
TFP1 depleted parasites are defective in microneme secretion
Since TFP1 was refractory to isolation of U1 snRNPmediated gene silencing mutant and to other classical knockout methodologies attempted, we generated a conditional knockdown of TFP1 by endogenous promoter replacement with a tetracycline-repressible promoter, in a TFP1-Ty recipient parasite line. The resulting TFP1-iKD was confirmed by genomic PCR analysis (Supporting Information Fig. S6 ). The tightness of anhydrotetracycline (ATc)-dependent regulation of TFP1-iKD was assessed by WB (Fig. 5A ). Plaque assays performed on the TFP1-iKD and compared to TFP1-Ty and parental (DKU80) lines incubated with or without ATc for 7 days exhibited no plaque formation upon depletion of TFP1, confirming the essential nature of the gene (Fig. 5B ). TFP1-iKD parasites grown in absence of ATc showed a slight impairment of the lytic cycle suggesting that a change in the level or in the timing of expression during cell cycle matters for TFP1 function. A deeper investigation of each steps of the lytic cycle revealed that TFP1 depletion does not affect parasite intracellular growth ( Fig. 5C ) whereas host cell invasion ( Fig. 5D ), induced egress after BIPPO stimulation ( Fig.  5E ) and attachment ( Fig. 5F ) are severely impaired. BIPPO is a potent inhibitor of phosphodiesterases that triggers egress, gliding motility and microneme secretion in T. gondii (Howard et al., 2015) . Relevantly, when visualized by live video microscopy upon stimulation with BIPPO, TFP1-iKD parasites treated with ATc were totally unable to move and egress from the host cells, contrary to nontreated parasites (Supporting Information Movie 2). Concordantly, TFP1 depleted parasites observed during natural egress at 48 h post-infection were also defective in egress, sequestered within detached host cells (Supporting Information Movie 3). Quantitative assessment of the different types of motility confirmed that TFP1 depleted parasites were largely unable to move and did not reveal a peculiar pattern of gliding for the small fraction of tachyzoites still moving (Fig. 5G ). All these findings point towards a defect in microneme secretion that was tested on extracellular parasites stimulated with 2% ethanol. Analysis of the resulting excreted secreted antigens (ESA) contents showed no release of the processed MIC2, MIC4 and PLP1 in TFP1-iKD 1ATc, indicating a severe impairment in microneme discharge whereas TFP1-iKD -ATc, behaved like WT parasites (Fig. 5H ). GRA1 served as control for constitutive secretion of dense granules and catalase was used as cytosolic marker for parasite lysis.
Collectively, these results demonstrate that TFP1 depleted parasites fail to release the content of micronemes and thus can neither lyse the PVM and host cell plasma membrane nor glide or attach to the host cells.
TFP1 contributes to the biogenesis and maturation of micronemes
To further dissect the impact of TFP1 on micronemes, we assessed whether the MICs were readily processed and properly localized. A time course of TFP1 depletion upon ATc treatment revealed a significant decrease in MIC2, M2AP, AMA1, SUB1 abundance and an alteration in the processing of MIC4, MIC6 by WB. Conversely and as control, the processing and abundance of RON9 and ROP7, two substrates for ASP3, were unchanged (Fig. 6A ). The changes in protein levels were quantified by WB from three independent experiments (Fig. 6B ). Concomitantly, a marked reduction of the apical staining was observed by IFA for MIC2, M2AP and MIC4, while A. Endogenously Ty-tagged TFP1 (TFP1-Ty) localizes close to the endosomal-like compartment (proM2AP), partly to the micronemes (M2AP) and apically relative to the Golgi (GRASP). B and C. TFP2-Ty and TFP3-Ty localize to the rhoptry bulb, as visible with a rhoptry surface marker (ARO) and a marker of the rhoptry bulb (ROP1). D. TFP4-Ty displays typical pattern of a Golgi protein (GRASP) and does not colocalize with an apicoplast marker (Cpn60). All scale bars throughout represent 5 mm. E-H. Topology of TFP1-Ty (E), TFP2-Ty (F), TFP3-Ty (G) and TFP4-Ty (H) was determined by proteinase K digestion on a parasite total lysate partially permeabilized with digitonin. TFPs-Ty were detected with anti-Ty antibody. As a control, antibodies recognizing luminal Nterminal part of microneme protein MIC2 (C-terminal digestion upon proteinase K treatment), the luminal rhoptry protein ROP2-4, the inner membrane complex protein IMC1 (anchored to the IMC and facing the cytosol) and eventually the cytosolic catalase were utilized. I. Topology of TFPs across the membrane. The relative position of the amino-(N), the carboxy-terminal (C) ends and of the Ty tag (green oval) are indicated. The C-terminal position of all TFPs was experimentally demonstrated. The number of TM domains is as predicted using TMHMM Server v. 2.0 (cbs.dtu.dk/services/TMHMM/). J. Microneme secretion was stimulated with 100 mM propranolol on freshly egressed extracellular parasites settled on gelatin. TFP1-Ty and MIC4 show a high degree of colocalization, as detected with anti-Ty and anti-MIC4 antibodies. All scale bars represent 5 mm. K. Schematic representation of TFPs distribution at the apical pole of T. gondii tachyzoites. A. The rhoptries morphology in TFP2 and TFP3 individually or simultaneously depleted parasites was assessed by the labelling of specific markers for the lumen at the neck (RON9), bulb (ROP2-4) and outer leaflet (ARO) of the organelle and compared to DKU80 control parasites. All scale bars throughout represent 5 mm. B. Western blots of total protein extract from control DKU80, TFP2-KO, TFP3-KO or TFP2-3 double KO parasites. Blots were probed with antibodies specific for rhoptry neck (RON9), bulb (ROP7, ROP2-4) and microneme proteins (MIC4, AMA1). Black arrowheads point to the unprocessed forms while red arrowheads indicate the cleaved form of rhoptry or microneme proteins. Catalase was used as a loading control. C and D. Section from the imaged volume through single DKU80 (C) and TFP2-KO (D, left) tachyzoites. Scale bars, 1 mm. (D, right) 3D model of the reconstructed tachyzoites from TFP2-KO serial sections distant of 10 nm each. The total imaged volume is of 4.35 3 8.71 3 4.11 mm. E. The number of rhoptries has been counted from all the organelles identified on the sections (DKU80 and TFP2-KO: n 5 3 tachyzoites). F. The total length of the rhoptries has been measured from the organelles identified on the sections and 3D reconstituted (DKU80: n 5 37; TFP2-KO: n 5 15). The two-tailed P-value are <0.0001 (***). G. The rhoptry neck/bulb ratio has been calculated from the organelles identified on the sections and 3D reconstituted (DKU80: n 5 31; TFP2-KO: n 5 15). The two-tailed P-value are <0.001 (**).
ARO as well as ROP1, ROP2-4, ROP5 and GRA3 were unaffected (Fig. 6C) . Strikingly, the remnant staining of MIC2, M2AP and MIC4 was concentrated in close proximity to the conoid. Importantly, the antibodies detecting the pro-domain of M2AP (proM2AP) displayed a microneme-like pattern instead of the ELC staining typically observed in WT parasites (Fig. 6C) . In TFP1 depleted conditions MIC6 partially localizes to the ELC (Fig. 6C) , which might fit with the slight accumulation of the unprocessed form of MIC6 observed by WB ( Fig. 6A  and B) .
We next examined the fate of a marker covering the microneme surface, APH, acylated at the N-terminus by myristoylation and palmitoylation (Bullen et al., 2016) . Upon TFP1 depletion, APH concentrates around the ELC, suggesting that it largely failed to traffic to the microneme surface (Fig. 6D) . In order to discriminate whether this abnormal localization coincides with an alteration of the ELC, we transiently expressed a tagged second-copy of ASP3 (ASP3-myc) in WT and TFP1-iKD. In absence of TFP1, ASP3-myc displays a diffused apical staining instead of being predominantly localized to the ELC (Dogga et al., 2017) (Fig. 6E) .
Overall, the aforementioned data clearly demonstrate that TFP1 is required for maintenance of the organelle content, as most of the MICs levels decrease upon TFP1 depletion, regardless of which subgroup of MICs they belong to. In TFP1 depleted parasites, the RONs/ ROPs and GRAs and the majority of the MICs did not accumulate along the secretory pathway suggesting a specific and predominant role of TFP1 in microneme maturation. A. Ty-tagged endogenous TFP1 (TFP1-Ty) expression and tight regulation of tet-inducible knock-down (TFP1-iKD, 6 increasing time of ATc) was assessed by western blot. TFP1 migrates at the predicted molecular weight (60 kDa) and is down-regulated to undetectable level upon 24, 48 or 72 h of ATc treatment. Catalase was used as a loading control. B. TFP1 depletion results in dramatic impairment of the lytic cycle, as assessed by plaque formation after 7 days, in presence of ATc. TFP1 depleted parasites (24 or 48 h 1ATc) showed no defect in intracellular growth (C), but displayed a strong impairment in invasion (D), BIPPOinduced egress (E) and attachment (F) compared to control DKU80 (48 h 1ATc), parental strain (TFP1-Ty, 48 h 1ATc) or non-treated TFP1-iKD parasites. Data are presented as mean 6 standard deviation (SD) from 3 independent experiments. G. TFP1 depleted parasites (48 h 1ATc) were drastically blocked in gliding motility when stimulated with BIPPO. Gliding and the type of motility was scored for 100 parasites from time-lapse videos recorded for 1 min. Data are presented as mean 6 standard deviation (SD) from 3 independent experiments. H. Microneme secretion assay performed on TFP1-iKD (48 h 6 ATc) and parental (DKU80) lines was analyzed by western blot using the micronemal proteins MIC2, MIC4 and PLP1. Black arrows point the unprocessed form while red arrowheads indicate the cleaved secreted forms. Catalase was used as cytosolic control and dense granule protein 1 (GRA1) as control for constitutive secretion. ESA: excreted/ secreted antigens, induction with 2% ethanol. 
TFP1 participates in microneme content condensation
We analyzed the ultrastructure of TFP1-iKD parasites 48 h after ATc treatment by serial section of transmission electron microscopy (ssTEM). Ten to twelve rhoptries are apically positioned and adopt the proper morphology. Conversely the micronemes appear to be severely altered morphologically (Fig. 7A and B) and to accumulate close to the apical preconoidal ring (Fig. 7C-F) . To formally demonstrate that these vesicles correspond to micronemes, MIC2 and MIC4 that belong to distinct subgroups of MICs (Kremer et al., 2013) were localized by immuno-electron microscopy. Consistent with the decreased number and distribution pattern observed by IFA, overall less gold particles decorated the apical pole of TFP1-iKD parasites in presence compared to absence of ATc ( Fig. 7G and H) .
Serial imaging of the apical pole of control and TFP1 depleted parasites by FIB-SEM confirmed the lower number of apparently degenerated micronemes (Fig. 8A and B and Supporting Information Figs S7 and S8) . FIB-SEM serial sections were also used to perform 3D reconstruction of the parasites (Fig. 8C and D and Supporting Information Movies 4 and 5). Strikingly, the number of organelles dropped from 168 6 45 in DKU80 to 37 6 13 in TFP1 depleted parasites (Fig. 8E and Supporting Information Fig.  S9 ). The micronemes are morphologically altered, exhibiting a significantly shorter length and larger width (DKU80: length 5 177 6 28 nm; width5 53 6 4 nm; TFP1-iKD 1ATc: length 5 126 6 21 nm; width 5 97 6 14 nm) (Fig. 8F) .
Taken together, these data establish that in absence of TFP1 the maturation of the micronemes is compromised and results in fewer apical organelles that fail to discharge their content. The microneme enlargement observed upon TFP1 depletion (Fig. 8F) suggest that TFP1 participate in the condensation of the microneme content, which helps to sustainably maintain the morphology of the organelle.
Discussion
Micronemes and rhoptries are unique specialized secretory organelles found in the phylum of Apicomplexa and participating in egress and invasion. Their biogenesis and maturation only partially resemble with what is known to exist in other eukaryotes. While the apicomplexans possess a classical endomembrane system (ER, Golgi apparatus and ELC), the processes governing maturation of these organelles are not well defined.
Members of the major facilitator superfamily are classified as uniporters, symporters and antiporters. Antiporters are broadly involved in the transport of two or more different molecules or ions across membranes and can generate a concentration gradient leading to a modification of the pH on both sides of the membrane (Pao et al., 1998) . For instance, the MFS member Spinster (also called Spin or Spns1) is a hypothetical lysosomal H 1 -carbohydrate transporter and its absence leads to the accumulation of enlarged autolysosomes that fail to degrade their contents in both mammalian cells and Drosophila (Rong et al., 2011; Sasaki et al., 2017) . Additionally, studies have established that the polytopic lysosomal membrane glycoprotein CLN7 which shares homology with MFS transporters is involved in lysosomal dysfunction and impaired autophagy in human and in the mouse model (Brandenstein et al., 2016) . The apicomplexans possess a large repertoire of membrane transport proteins that are grouped in several gene families including ion channels, ATP-dependent pumps and secondary active porters including MFS. About 30 MFS transporters are present in T. gondii and at least 16 in Plasmodium spp. Interestingly, the functional study of orphan membrane transporters of P. berghei, including most of the MFS members, revealed an important contribution of these type of transporters to the life cycle of the malaria parasite (Kenthirapalan et al., 2016) .
Herein, the amino acid sequence comparison of the four TFPs with known related transporters gave no clue for their potential role in T. gondii. TFP1 dually localizes to the endosomal-like compartment and to the micronemes, and acts as a central component of microneme biogenesis and maturation in the tachyzoite stage. The defect in microneme maturation lead to a block in organelle exocytosis, a crucial event to achieve egress from A. Western blots of total protein extracts from control DKU80 (48 h 1ATc), parental strain (TFP1-KO, 48 h 1ATc), non-treated or 24, 48 h ATc treated TFP1-iKD parasites. Blots were probed with anti-Ty antibody but also with antibodies specific for microneme (MIC2, M2AP, MIC4, MIC6, AMA1, SUB1), rhoptry (RON9, ROP7) and dense granule proteins (GRA3). Black arrowheads point to the unprocessed forms while red arrowheads indicate the cleaved form of microneme proteins. Catalase was used as a loading control. B. Relative quantification levels for each protein shown in Fig. 5A compared to the loading control Catalase. Data are presented as mean 6 standard deviation (SD) from 3 independent experiments. ImageJ was used for quantification. C. Immunofluorescence assay (IFA) revealed that TFP1 depletion (48 h 1 ATc) results in a decreased apical staining of micronemes, as observed with MIC2, M2AP, MIC4 and MIC6. The use of an antibody recognizing the pro-form of M2AP (proM2AP) suggests the presence of uncleaved microneme proteins in mature organelles. Markers used concomitantly showed that positioning (ARO) and content (ROP1, ROP2-4, ROP5) of the rhoptry organelle and dense granules (GRA3) are unaltered, such as apicoplast inheritance (Cpn60). Downregulation of TFP1-iKD was verified using anti-Ty antibody. D-E. IFA revealed that TFP1 (48 h 1 ATc) depletion lead to mislocalization of the microneme surface marker APH concomitant to a decrease in MIC2 staining (D) and of ASP3 to the ELC, as visualized by transient expression of ASP3-myc (E). All scale bars throughout represent 5 mm. infected cells, gliding motility, attachment and reinvasion. TFP1 depletion also results in an incomplete preexocytosis processing of the MICs, probably due to the altered microenvironment along the secretory pathway that is not favorable to an optimal activity of ASP3 or access to its substrates.
In addition to a severe defect in exocytosis, depletion of TFP1 leads to a significantly reduced number of degenerated micronemes but does not significantly impact on the trafficking of MICs. MIC proteins were not found accumulated in the Golgi or ELC compartments or re-routed to the vacuolar space or residual body. Remarkably, the organelles formed in absence of TFP1 are devoid of APH on their surface, which accumulates instead in a subcompartment of the ELC. A partially aborted budding of the organelle out of the ELC-like compartment could explain the overall lower number of micronemes and the accumulation of APH in the ELClike compartment observed upon TFP1 depletion. Alternatively an imbalance in the ionic composition of the organelle may contribute to its fragility leading to its destruction or degradation via the autophagy pathway for example. The fact that APH is prerequisite for microneme secretion (Bullen et al., 2016 ) offers a plausible explanation for the defect in exocytosis in absence of TFP1. Also, among the MICs not secreted in absence of TFP1, MIC2 is known to be involved in host cell attachment and gliding motility (Huynh and Carruthers, 2006) , which explains the gliding motility defect in TFP1 depleted parasites.
The fact that TFP1 depletion impacts on the protein level and secretion of all the MICs investigated suggests that the role of TFP1 is common to the sub-populations of micronemes.
The phenotype reported here upon TFP1 depletion in T. gondii tachyzoites is consistent with the role of the potential orthologue in P. berghei (Kehrer et al., 2016) . While PbPAT is dispensable in the erythrocytic cycle, gamete egress and sporozoite motility are impaired in DPbpat due to a defect in osmiophilic bodies (OB) and microneme secretion (Kehrer et al., 2016) . Of note here, OB are small ovoid to elongated electron-dense organelles derived from Golgi vesicles, postulated to be involved in the emergence of macrogametocytes from the erythrocyte within the mosquito midgut (Sinden, 1982) . While PbPAT is apparently not implicated in OB or microneme formation, the absence of PbPAT prevents organelles exocytosis and consequently, impairs egress and gliding motility respectively (Kehrer et al., 2016) . In the human malaria parasite P. falciparum, PfPAT was characterized as a pantothenate (vitamin B 5 ) transporter, based on functional complementation of the H 1 -pantothenate symporter Fen2 knockout in Saccharomyces cerevisiae mutant (Augagneur et al., 2013) . However, when the requirement of exogenous pantothenate for parasite survival was tested in wild type P. berghei parasites, no obvious decreased motility was observed, suggesting that pantothenate is not required for sporozoite motility (Kehrer et al., 2016) . Phylogenetically related to TFP1, the rhoptry TFP2 and TFP3 are dispensable for the parasite lytic cycle. The highly polarized nature of rhoptries evokes a tight regulation of the intraluminal homeostasis. During biogenesis, the rhoptry content exists in vesicles termed pre-rhoptries that will likely give rise to individual mature organelles (Pelletier et al., 2002) . It was previously shown that pH ranges from 3.5 to 5.5 in immature rhoptries to 5.0-7.0 in mature rhoptries (Shaw et al., 2002) . Given the condensed nature of rhoptry neck and microneme content, an acidification of this compartment is likely to occur during maturation.
Similarly to TFP1 mode of action in micronemes, TFP2 localizes to the rhoptry bulb and participates in the morphological development of the organelle. TFP2 deletion causes an elongation of the rhoptries, without affecting their biogenesis, clustering or abilities to discharge their content.
Importantly, the roles of TFP1, TFP2 and their putative, yet uncharacterized, transporter activity are restricted to the organelles they localize to. Both members of the MFS transporters appear to be required along the maturation route of micronemes and rhoptries to transport small molecules or ions that are necessary for condensation of the organelle content. TFP2 facilitates rhoptry compaction and might act in concert with TFP3 although we could not identify any obvious contribution in this context.
A systematic study of the T. gondii MFS carriers might help to uncover new functions essential to parasite survival while heterologous expression of these transporters A. Section from the imaged volume through the PV with eight tachyzoites (TFP1-iKD, -ATc) displaying numerous apical micronemes close to the conoid. i, ii and iii shows three high magnification views of the apical pole. The tachyzoite micronemes (mn, white arrowheads), rhoptries (rh), dense granules (dg) and mitochondrion (mt) are present. B. Section from the imaged volume through the PV with fourteen out of sixteen tachyzoites depleted for TFP1 (1 48 h ATc). i, ii and iii shows three high magnifications views of the apical pole, where degenerated micronemes are present (white arrowheads). High magnification views of two individual tachyzoites from different PVs, not depleted (C and D) or depleted (E and F) for TFP1 (1 48 h ATc). Scale bars in (A and B) represents 1 mm and 0.5 mm in (i), (ii), (iii), (C-F). G and H. Electron micrographs of intracellular TFP1-iKD, -ATc (G) or 1 ATc (H) tachyzoites stained with anti-MIC4 (i and ii) or anti-MIC2 (iii and iv). Gold particles are pointed by white arrowheads. dg -dense granules; rh -rhoptries; nuc -nucleus. Scale bars represents 100 nm. in system allowing biochemical investigation are necessary to unravel the molecular entities transported.
Experimental procedures
Bacteria, parasite and host cell culture Escherichia coli XL-10 Gold chemo-competent bacteria were used for all recombinant DNA experiments. T. gondii tachyzoites parental and derivative strains were grown in confluent human foreskin fibroblasts (HFFs) maintained in Dulbecco's Modified Eagle's Medium (DMEM, Gibco) supplemented with 5% fetal calf serum (FCS), 2 mM glutamine and 25 mg ml 21 gentamicin. Tet-repressible expression was regulated with 0.5 mg ml 21 anhydrotetracycline (ATc) (Meissner et al., 2001 ).
Preparation of T. gondii genomic DNA
Genomic DNA (gDNA) was prepared from tachyzoites of RH or RHDKU80 (here referred as DKU80) strains using the Wizard SV genomic DNA purification (Promega) according to manufacturer's instructions.
DNA vector constructs and transfection
The plasmids for generating endogenously Ty tagged strains of TFP1 were made by amplifying its C-terminal region with primers 4607/4608 (Supplementary Information  Table S1 ) and cloning into pG152-KI-3Ty-lox-SAG1_3 0 UTR-HX (Pieperhoff et al., 2015) between KpnI and NsiI to produce the TgTFP1-3Ty plasmid. The plasmids for generating endogenously tagged strain of TFP2-4 were made in a similar manner with appropriate primers and vectors (Supplementary Information Table S1 ). A 30 mg of linearized plasmids was transfected in DKU80 strain.
To generate the TFP1-iKD strain, a Cas9-YFP/CRISPR gRNA targeting the 5 0 region of TFP1 was generated using the Q5 site directed mutagenesis kit (NEB) with primers 5863/4883 and using the vector pSAG1::CAS9-GFP-U6::sgUPRT as template (Shen et al., 2014) . The tetrepressible promoter was amplified with primers 5861/5862 containing 5 0 and 3 0 homology (30 nt) regions to TFP1, using the plasmid 5 0 COR-pT8TATi1-HXtet07S1mycNtCOR plasmid (Salamun et al., 2014) as template. 40 mg of this PCR product was precipitated and co-transfected with 20 mg of the TFP1-Cas9-YFP/CRISPR plasmid into DKU80 TFP1-3Ty parasites. 48 hr after transfection, parasites were cloned by FACS sorting the green fluorescent parasites into 96-well plates. Integration of the inducible cassette was confirmed by PCR on genomic DNA using primers listed (Supplementary Information Table S1 ).
To generate the knockout of TFP2, a PCR fragment encoding the CAT cassette was generated using the KOD DNA polymerase (Novagen, Merk) with the vector pTub5-CAT as template and the primers 7036/7037 that also carry 30 bp homology with the 5 0 and 3 0 ends of TFP2. To direct the insertion of the PCR product at the TFP2 locus, a specific dgRNA vector has been generated as followed. First, two specific sgRNA vectors have been generated using the Q5 site-directed mutagenesis kit (New England Biolabs) with the vector pSAG1::CAS9-GFP-U6::sgUPRT as template (Shen et al., 2014) and the primer pairs 4977/4883 and 7038/4883. Then, a fragment of pSAG1::CAS9-GFP-U6::sgTFP2-7038 containing the specific sgRNA sequence was amplified using the primers 6147/6148 and subcloned into pSAG1::CAS9-GFP-U6::sgTFP2-4977 between the KpnI and XhoI restriction sites.
To generate the knockout of TFP3, a PCR fragment encoding the DHFR-TS selection cassette was generated using the KOD DNA polymerase with the vector p2854-DHFR (Donald and Roos, 1993) as template and the primers 4983/4984 that also carry 30 bp homology with the 5 0 end of TFP3. To direct the insertion of the PCR product at the start of TFP3, a specific sgRNA vector has been generated as previously described using the primer pair 4978/4883.
Parasite transfection and selection of clonal stable lines
Toxoplasma gondii tachyzoites were transfected by electroporation as previously described . Selection of transgenic parasites were performed either with mycophenolic acid and xanthine for HXGPRT selection (Donald et al., 1996) , pyrimethamine for DHFR selection (Donald and Roos, 1993) or chloramphenicol for CAT selection (Kim et al., 1993) . Stable line for all expressing strains were cloned by limited dilution and checked for genomic integration by PCR and analyzed by IFA and/or WB. Transient transfection of GRASP-YFP, ASP3-myc (Dogga et al., 2017) was performed by using 40 mg of each plasmid as previously described .
Antibodies
The monoclonal antibodies against the Ty tag BB2 (1:10 dilution by WB, 1:20 by IFA) (Bastin et al., 1996) Sections from the imaged volumes through single RHDKU80 (A) and TFP1-iKD 1ATc (48 h) (B) tachyzoites. Scale bars, 1 mm. 3D model of the reconstructed dividing tachyzoites from RHDKU80 (C) and TFP1-iKD 1ATc (D) serial sections distant of 10 nm each. The total imaged volume is of 6.55 3 5.65 3 2.30 mm for RHDKU80 and of 6.27 3 9.58 3 3.35 mm for TFP1-iKD 1ATc. E. The number of micronemes has been measured from all the organelles identified on the sections (RHDKU80: n 5 3 tachyzoites; TFP1-iKD 1ATc: n 5 4). The number is estimated at 168 6 45 micronemes/tachyzoite in RHDKU80 vs 37 6 13 micronemes/tachyzoite in TFP1-iKD 1ATc parasites. The two-tailed P-value are <0.002 (**). F. The relative size of micronemes (RHDKU80, blue) and of degenerated micronemes (TFP1-iKD 1ATc, pink) has been measured from all the organelles identified on the sections. SD is indicated by the dotted line. (1:1000 WB, 1:1000 IFA) (generous gift from V. Carruthers), anti-M2AP (1:2000 WB, 1:1000 IFA) (generous gift from V. Carruthers), anti-proM2AP (1:1000 IFA) (generous gift from V. Carruthers), anti-MIC4 (1:1000 WB, 1:1000 IFA) , anti-MIC6 C-ter (1:1000 WB, 1:2000 IFA) (Meissner et al., 2002) . For western blot analysis, secondary peroxidase-conjugated goat anti-rabbit-IgG, anti-mouseIgG antibodies and secondary Alexa-Fluor-680-conjugated goat anti-rabbit IgG antibodies (Thermofisher) were used. For immunofluorescence analysis, the secondary antibodies Alexa-Fluor-488-conjugated goat anti-rabbit IgG antibodies, Alexa-Fluor-488-conjugated goat anti-mouse-IgG antibodies and Alexa-Fluor-594-conjugated goat anti-mouse-IgG antibodies (Thermofisher) were used.
Immunofluorescence assay
HFFs seeded on coverslips in 24-well plates were inoculated with freshly egressed parasites. After 24 hr, cells were fixed with 4% paraformaldehyde (PFA) and 0.005% glutaraldehyde (GA) in PBS for 10 min and processed as previously described (Plattner et al., 2008) . Confocal images were acquired with a Zeiss confocal laser scanning microscope (LSM700 or LSM800) using a Plan-Apochromat 633 objective with NA 1.4 at the Bioimaging core facility of the Faculty of Medicine, University of Geneva. Final image analysis and processing was done with ImageJ (Fiji).
Western blotting
Freshly egressed parasites were pelleted after complete host cell lysis. Parasites harboring a tet-repressible copy of TFP1 (TFP1-iKD) were grown for 24, 48 or 72 hr with or without 0.5 mg ml 21 ATc before harvesting. SDS-PAGE, wet transfer to nitrocellulose and proteins visualized using ECL system (Amersham Corp) were performed as described previously (Hammoudi et al., 2015) .
Proteinase K protection assay
Proteinase K protection assay was performed as previously described by Cabrera et al. (Cabrera et al., 2012) 
Plaque assay
A confluent monolayer of HFFs was infected with around 50 freshly egressed parasites for 7-8 days before cells were fixed with PFA/GA. Plaques were visualized by staining with Crystal Violet (0.1%) as previously described (Plattner et al., 2008) .
Competition assay
DKU80, TFP2-KO, TFP3-KO and TFP2/3-KO parasites were mixed with GFP-expressing parasites at a ratio of about 50/50. This ratio was then determined over five passages by flow cytometry on a Beckman Coulter Gallios apparatus. At each passage, 1000 parasites were counted from three independent biological replicates.
Intracellular growth assay
DKU80, TFP1 KI, TFP1-iKD pre-treated 24 hr 6 ATc were allowed to grow on HFFs for 24 hr prior to fixation with PFA/GA. IFA was performed as described previously (Hammoudi et al., 2015) .
Invasion assay
Freshly egressed parasites pre-treated 24 or 48 hr 6 ATc were inoculated on coverslips seeded with HFFs monolayers and centrifuged at 1100 3 g for 1 min. Invasion was allowed for 20 min at 378C 6 ATc prior to fixation with PFA/GA. Extracellular parasites were stained first using monoclonal anti-SAG1 Ab in non-permeabilized conditions. After three washes with PBS, cells were fixed with 1% formaldehyde/ PBS for 7 min and washed once with PBS. This was followed by permeabilization with 0.2% Triton/PBS and staining of all parasites with polyclonal anti-GAP45 Ab. Appropriate secondary Abs were used as previously described. 100 parasites were counted for each experiment, the ratio between red (all) and green (invaded) parasites is presented. Results are presented as mean 6 standard deviation (SD) of three independent biological replicate experiments.
Induced egress assay
Freshly egressed tachyzoites were added to a new monolayer of HFFs, washed after 30 min and grown for 30 hr. The infected HFFs were washed once in serum-free DMEM and then incubated with 50 mM BIPPO in serum-free DMEM for 7 min at 378C. Cells were fixed with PFA/GA and processed for IFA using anti-GAP45 Ab. 100 vacuoles were counted per strain and scored as egressed or non-egressed. Results are presented as mean 6 standard deviation (SD) of three independent biological replicate experiments. Control experiment with DMSO showed no egress. For live video microscopy of induced egress, parasites were grown on glass bottom plates seeded with HFFs monolayers for 30 hr at 378C and egress was induced as described above.
Attachment assay
Extracellular parasites expressing GFP and TFP1-iKD cell lines were pre-treated 48 hr 6 ATc and then mixed at a 50/ 50 ratio. Parasites were either stained with Hoechst and fixed with PFA/GA for 10 min to determine the initial ratio on a Beckman Coulter Gallios flow cytometer (control) or added to HFF-coated coverslips (assay), centrifuged for 1 min at 1000 3 g, washed once and fixed with PFA/GA for 10 min. Immunofluorescence was then performed using anti-GAP45 Abs to determine the ratio of attached parasites. The experiments have been performed in triplicates, 1000 parasites were counted by flow cytometry and 100 parasites by IFA.
Motility assay
Gliding was monitored by video microscopy on a Nikon eclipse Ti inverted microscope. DKU80 and TFP1-iKD cell lines were pre-treated 48 hr 6 ATc. Parasites were then allowed to settle onto glass chamber slides (Ibidi) coated with 0.1% gelatin. Prior to imaging, BIPPO was added to the medium at a final concentration of 5 mM and parasites were captured by time-lapse microscopy for 1 min in three to four areas of the chamber using a 633 Oil Plan Apochromat objective. Experiments have been done in triplicates and 100 parasites were used to score gliding behaviors (i.e., circular, helical or twirling) or no productive movement.
Microneme secretion assay
Microneme secretion assay was performed on freshly egressed parasites, pre-treated 24 or 48 hr 6 ATc. Parasites were pelleted at 1000 rpm for 5 min and resuspended in intracellular (IC) buffer (5 mM NaCl, 142 mM KCl, 1 mM MgCl 2 , 2 mM EGTA, 5.6 mM glucose, 25 mM HEPES, pH to 7.2 with KOH). After centrifugation, the pellets were resuspended in 100 ml of extracellular (EC) buffer (142 mM NaCl, 5.8 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 5.6 mM glucose, 25 mM HEPES, pH to 7.2 with NaOH) containing 6 2% ethanol and incubated for 30 min at 378C. Then, parasites were pelleted at 1000 3 g for 10 min at 48C, the supernatant was transferred to a new Eppendorf tube (the pellet from this step serves as the pellet fraction) and centrifuged again at 2000 3 g for 10 min at 48C. The final supernatant, containing the excreted/secreted antigens (ESA), and pellet fraction were resuspended in SDS loading buffer and boiled prior to immunoblotting. Extracellular parasite stimulation was performed using 100 mM of propranolol for 5 min. Subsequently, parasites were fixed with PAF/GA.
Phylogenetic tree construction
Protein sequences were aligned using the sequence alignment software, MUSCLE (Edgar, 2004a,b) . Output from this alignment was curated manually utilizing BioEdit (http:// www.mbio.ncsu.edu/bioedit/bioedit.html) to trim the uninformative amino acid alignment positions. The curated alignment was then fed into PhyML to generate the phylogenetic tree using LG model of amino acids substitution with NNI topology search. The above implementations were carried mostly via the web service platform Phylogeny.fr (Dereeper et al., 2008) . Sequences used for the phylogeny were procured from EuPathDB. The curated alignment is deposited as Supplementary Information Fig. S1 .
Serial sections transmission electron microscopy
HFF cells infected with T. gondii parasites were grown in monolayer on round (13 mm in diameter) glass coverslips and were fixed with 2.5% GA (Electron Microscopy Sciences) and 2% PAF (Electron Microscopy Sciences) in 0.1 M phosphate buffer (PB) at pH 7.4 for 1 hr at room temperature. Cells were extensively washed with 0.1 M sodium cacodylate buffer, pH 7.4 and post-fixed with 1% osmium tetroxide (Electron Microscopy Sciences) and 1.5% potassium ferrocyanide in 0.1 M sodium cacodylate buffer, pH 7.4 for 40 min followed by 1% osmium tetroxide (Electron Microscopy Sciences) in 0.1 M sodium cacodylate buffer pH 7.4 alone for 40 min. Cells were then washed in double distilled water twice for 5 min each wash and en block stained with aqueous 1% uranyl acetate (Electron Microscopy Sciences) for 1 hr. After 5 min wash in double distilled water cells were dehydrated in graded ethanol series (2 3 50%, 70%, 90%, 95%, and 2 3 absolute ethanol) for 3 min each wash. After dehydration, cells were infiltrated with graded series of Durcupan resin (Electron Microscopy Sciences) diluted with ethanol at 1:2, 1:1, 2:1 for 30 min each, and twice with pure Durcupan for 30 min each. Cells were infiltrated with fresh Durcupan resin for additional 2 hr. Coverslip with grown cells faced down was placed on 1 mmhigh silicone ring (used as spacer) filled with fresh resin which was placed on a glass slide coated with moldseparating agent. This flat sandwich was then polymerized at 658C overnight in oven. The glass coverslip was removed from the cured resin disk by immersing alternately into hot (608C) water and liquid nitrogen until glass parted.
Laser microdissection microscope (Leica Microsystems) was used to outline the position of parasitophorous vacuoles on the exposed surface of the resin. The selected area was cut out from the disk using a single edged razor blade and glued with superglue to a blank resin block. The cutting face was trimmed using a Leica Ultracut UCT microtome (Leica Microsystems) and a glass knife. 70 nm ultrathin serial sections were cut with a diamond knife (DiATOME) and collected onto 2 mm single slot copper grids (Electron Microscopy Sciences) coated with Formvar plastic support film.
Sections were examined using a Tecnai 20 TEM (FEI) operating at an acceleration voltage of 80 kV and equipped with a side-mounted MegaView III CCD camera (Olympus Soft-Imaging Systems) controlled by iTEM acquisition software (Olympus Soft-Imaging Systems).
Focused ion beam scanning electron microscopy and 3D reconstruction
Sample for FIB-SEM imaging were prepared in the same way as for the ssTEM. Selected parasitophorous vacuole was marked on the surface of the resin block by laser microdissection microscope (Leica Microsystems). Either A transporter essential for microneme secretion 241 whole resin block or large cut out area containing the region of interest was glued onto a flat SEM stub with superglue and silver conductive paste was applied on each side of the resin block to ensure the conductivity within SEM. Finally, the mounted sample was gold coated with 20 nm thick layer of gold.
The samples were imaged inside a FEI Helios NanoLab G3 UC DualBeam microscope (FEI). Ion beam was used in conjunction with a gas injection system to deposit a thick (1.5 mm) layer of platinum on the top surface of the sample above the region of interest to reduce the FIB milling artefacts.
The imaging surface was exposed by creating the front trench using 21 nA of focused ion beam current at 30 kV voltage and subsequently two side trenches were created using the same parameters.
AutoSlice and View G3 software (FEI) was used to acquire the serial SEM images. Focused ion beam at current of 2.5 pA and 30kV of acceleration voltage was applied to mill 10 nm layer from imaging face and freshly exposed surface was imaged with back scattered electron beam current of 400 pA at acceleration voltage of 2 kV, the dwell time of 9 ms/pixel and at the resolution of 5 nm/pixel. The size of the final imaged volume in x-, y-and z-dimension was 6138 3 1637 3 1284 pixels corresponding to 30.69 3 10.38 3 12.84 mm for TFP1-iKD (48 h 1 ATc) sample and 6138 3 1474 3 565 pixels corresponding to 19.62 3 4.56 3 5.65 mm for control DKU80 sample and 5450 3 1288 3 1600 pixels corresponding to 27.25 3 9.78 3 16 mm for RH-TFP2-KO sample respectively.
Serial images through the selected region if interest were combined into single image stacks and aligned using the FIJI program (Fiji.sc/). Aligned images were scaled down by factor 2 in order to have the volume with isotropic voxels properties of the 10 nm/pixel in all x-, y-and z-dimension. Semi-automated approach using Ilastik software (ilastik.org) was used for segmentation and 3D reconstruction. Final 3D models were visualized using Blender program (v.7.79; blender.org) and length measurements of micronemes and rhoptries were done directly from the 3D model using NeuroMorph plugin (neuromorph.epfl.ch) for Blender.
Immuno labeling electron microscopy (immuno-EM)
Infected HFF cells with RH-TFP1-iKD (-ATc) or (1ATc) samples were fixed with 2% PFA (Electron Microscopy Sciences) and 2% GA (Electron Microscopy Sciences) in 0.1 M sodium cacodylate buffer pH 7.4 supplemented with 5 mM calcium chloride and 5% sucrose for 1 h at room temperature directly in culture dish after one wash with PBS. Then the cells were scrapped with policeman, pelleted down and fixed with fresh fixative for additional 1 h at room temperature. Cells were then pelleted and embedded into 3% low melted agarose (Eurobio) for easy handling preventing loss of cells during subsequent extensive washing in 0.1 M sodium cacodylate buffer (3 3 10 min). Samples were then dehydrated in graded ethanol series (50% for 15 min, 70% for 15 min, 80% for 10 min, 95% for 10 min, and 2 3 100% for 10 min each). Cells were then infiltrated at room temperature with LR White resin (Electron Microscopy Sciences) mixed 100% ethanol (2:1) for 1 h, followed by fresh pure LR White resin for 1 h and transferred into fresh pure LR White resin for overnight at 48C. After 2 washes in fresh LR White resin of 30 min each, cells were embedded in fresh LR White resin filled gelatin capsules Electron Microscopy Sciences) and polymerized at 558C for 48 h.
Sixty-nanometer ultrathin sections were cut with Leica Ultracut UCT microtome (Leica Microsystems) and diamond knife (DiATOME) and collected onto 2 mm single slot copper grids (Electron Microscopy Sciences) coated with 1% Pioloform plastic support film.
All steps for immunolabeling of MIC4 and MIC2 proteins were performed at room temperature in the wet chamber. Traces of aldehydes from the fixation were quenched by 20 min incubation on drop of 50 mM glycine in PBS. To prevent unspecific antibody binding, grids were floating on drop of blocking buffer A containing 2% bovine serum albumin (BSA; AxonLab) and 0.02% Tween 20 in 10 mM PBS for 3 3 10 min. Grids were then incubated for 1 h with polyclonal rabbit anti-MIC4 primary antibody diluted 1:100 or monoclonal mouse anti-MIC2 primary antibody diluted 1:50 in blocking buffer A, then washed for 3 3 10 min with blocking buffer B, containing 0.02% Tween 20 in 10 mM PBS and incubated with secondary goat-anti-rabbit antibody (for MIC4) coupled with 10 nm colloidal gold particles (Aurion) or goat-anti-mouse antibody (for MIC2) coupled with 10 nm colloidal gold particles (Aurion) diluted 1:20 in blocking buffer A for 1 h. Grids were washed with blocking buffer B for 3 3 10 min and in PBS for 3 3 5 min. Bind antibodies were fixed to the sections with 1% aqueous glutaraldehyde for 3 min and extensively washed with double distilled water for 3 3 2 min. In control experiment, primary antibody was omitted and only secondary antibody was used.
Grids with immune-labeled sections were post-stained with 1% aqueous uranyl acetate for 3 min and examined using Tecnai 20 TEM (FEI) electron microscope operating at an acceleration voltage of 80 kV and equipped with a side-mounted MegaView III CCD camera (Olympus SoftImaging Systems) controlled by iTEM acquisition software (Olympus Soft-Imaging Systems).
